Furan is a 5-membered ring compound with high volatility. The U.S. Food and Drug Administration (FDA) has recently published a report on the occurrence of furan in a large number of thermally processed foods. However, the FDA's analytical method, using standard curve addition, is not suitable for high-throughput routine laboratory operations. We developed a rapid and improved method for determination of furan in foods by headspace GC/MS. Quantification was achieved by using an internal standard of d 4 -furan and an external calibration curve of furan normalized against the internal standard. The incubation temperature for equilibration was set at 60῍ to avoid the formation of furan during analysis. The levels of furan in baby foods and infant formulas were determined with this method. Validation data showed good precision and accuracy. The LOD and LOQ were 0.2ῌ0.5 ng/g and 0.5ῌ2 ng/g for various food matrixes, respectively. The level of furan detected was in the range of 1.4 to 90 ng/g in baby foods and in the range of non-detectable to 36 ng/g in infant formulas.
Introduction
Furan (C 4 H 4 O) is a colorless, volatile (boiling point 31῍) and lipophilic organic compound 1) . It is considered to be a hazardous chemical and is classified by the International Agency for Research on Cancer (IARC) as possibly carcinogenic to humans (group 2B; IARC) 2) . The U.S. Food and Drug Administration (FDA)῍ 1 has recently published a report on the occurrence of furan in a large number of thermally processed foods, such as canned and jarred foods, including baby foods and infant formulas. The FDA analyzed approximately 340 food samples and found furan levels ranging from non detectable to approximately 170 ng/g. The Swiss Federal O$ce of Public Health has presented an analytical method for the determination of furan in foodstu#s and used it to measure furan levels in a variety of foods on the Swiss market 3) . The European Food Safety Authority (EFSA) 4) has recently published a report on furan, in which they concluded that a more detailed risk assessment was required.
The primary source of furan in food was considered to be thermal degradation of carbohydrates, such as glucose, lactose and fructose 5) . Perez-Locas and Yaylayan suggested that ascorbic acid had the highest potential to produce furan on thermal treatment, followed by some sugar/amino acids mixtures 6) . Health Canada has recently reported the formation of furan via the oxidation of polyunsaturated fatty acids at elevated temperatures, and from the decomposition of ascorbic acid derivatives 7) . Fan has recently studied the formation of furan from sugars, ascorbic acid and organic acids under the influence of ionizing radiation and thermal treatments 8) . It was reported that the pH and concentration of sugars and ascorbic acid solution profoundly influenced furan formation during irradiation or thermal treatment.
As furan is a small, volatile molecule, headspace gas chromatography-mass spectrometry (HS-GC/MS) might be a suitable method for the determination of furan in foods. The FDA῍ 2 published the first version method (May 7, 2004) of determination for furan in food by HS-GC/MS, which involves heating the sample at 80῎, followed by sampling the headspace gas and GC/MS. Quantification was achieved through spiking an internal standard and utilizing the standard addition method. Some research groups also reported the determination of furan in foods by HS-GC/MS using an internal standard and the standard addition method 9) or using an internal standard and an external calibration curve 7), 10) . The determination of furan in foods has been recently reported using solid-phase microextraction (SPME) coupled with GC/MS 11)ῌ13) . In this study, the determination of furan in baby foods and infant formulas by HS-GC/MS was developed using a deuterium-labeled internal standard (d 4 -furan) and external calibration curve. The standard addition method published by the FDA is complicated and not suitable for high-throughput routine laboratory operations. We used an external calibration curve to reduce the operating time. The incubation temperature for equilibration of furan between the sample and headspace was designed to avoid the formation of furan during this heating step. We examined the formation of furan during analysis. The method was validated in terms of linearity, limit of detection (LOD), limit of quantification (LOQ), precision and accuracy. So far, no acceptable daily intake values of furan have been established. However, baby foods and infant formulas would have higher risk than adult foods, because: (1) babies and infants may be more sensitive to furan exposure than adults, (2) babies and infants tend to consume more thermally processed foods, including infant formulas, in proportion to their body weight than adults. The levels of furan in a variety of baby foods and infant formulas were determined by this method. All samples were purchased from local retail stores.
Materials and Methods

Reagents and samples
Apparatus
The following equipment was used: Agilent Model 6890N/5973N gas chromatograph/mass spectrometer equipped with an Agilent Model G1888 Headspace Sampler (Palo Alto, CA); TC-WAX capillary column, 60 m῍0.25 mm i.d. (0.25 mm, GL Sciences, Tokyo, Japan); head space crimp vials, 20 mL (Agilent); aluminum crimp caps (Agilent); septums, PTFE/BYTL (Agilent).
HS-GC/MS operating condition
Headspace vials were equilibrated at 60, 70 and 80῎ for 15, 30 and 60 min with vigorous shaking to identify optimum equilibration conditions. For determination of furan in baby foods and formulas, headspace vials were equilibrated at 60῎ for 30 min. After sample equilibration, the vials were pressurized with helium gas (15 psi) for 0.3 min. Volatile gas was filled into the 3 mL loop for 2 sec, equilibrated for 0.3 min and injected for 2 min into a capillary column in 40 : 1 split mode. The loop and needle were held at 100῎, and the transfer line at 130῎. The carrier gas was helium at a constant flow of 1.0 mL/min.
The GC/MS injection port was held at 200῎. The temperature program for the capillary column was started at 40῎, and raised after 10 min at 15῎ per min to 200῎. The temperature was maintained at 200῎ for 5 min. The mass spectrometer was operated in electronionization mode with a source temperature of 230῎ and an ionization voltage of 70 eV. Furan was detected by selected ion monitoring of the major ion at m/z 68 and confirmed by monitoring of the ion at m/z 39. The internal standard (furan-d 4 ) was detected by monitoring the equivalent ion at m/z 72.
Standards
Stock solutions (2.5 mg/mL) of furan and furan-d 4 were prepared in methanol according to the procedure described by the US FDA῍ 2 . Working solution of furan (0.5 or 5 mg/mL) was prepared in water by dilution of the stock solution. Working solution of d 4 -furan (5 mg/ mL) was prepared in water according to the same procedure.
Calibration standards (1, 2.5, 5, 10, 25, 50, 100, 250, 500 and 1,000 ng) were prepared by injecting 2ῌ200 mL working solution of furan (0.5 or 5 mg/mL) and 10 mL working solution of d 4 -furan (5 mg/mL) through the septums of 20 mL sealed headspace vials containing 10 mL water and 4 g sodium chloride, respectively.
Sample preparation and determination of furan
Samples were chilled in a refrigerator for a minimum of 4 h. Samples that were not homogenous were homogenized using a chilled homogenizer for a maximum duration of 1 min. The samples, 1ῌ2 g of semi-solid/ solid samples or 5ῌ10 g of liquid samples, were weighed into chilled 20 mL headspace vials containing 4 g sodium chloride. Chilled water was added into each vial to adjust the total volume of sample solution to 10 mL. To avoid loss of furan, the vials were kept chilled in an ice bath and they were immediately sealed. The procedure was conducted as quickly as possible. Internal standard, 10 mL of d 4 -furan solution (5 mg/mL), was injected through the septum of each vial. For recovery experiments, aliquots of furan standard solution (5 mg/ mL) were additionally spiked through the septums of the sealed vials. The vials were shaken vigorously and equilibrated at room temperature for at least 3 h before analysis by HS-GC/MS. Quantification was achieved using the internal standard of d 4 -furan and an external calibration curve of furan normalized against the internal standard.
Results and Discussion
Formation of furan during incubation for equilibration
The first version HS-GC/MS method (May 7, 2004) reported by the US FDAῌ 2 was conducted after equilibration at 80ῌ. In the preliminary study, the level of furan in infant formula was analyzed in triplicate, with di#erent sample weights (1.0, 1.5 and 2.0 g), using an incubation period of 80ῌ for equilibration. The results varied, and the furan level was found to be 1.6 and 2.3 ng/g at the sample weights of 1.0 and 2.0 g, respectively. Between 1.0 and 2.0 g sample weight, the furan level increased by 0.7 ng/g. There is a possibility that furan formation would occur during the equilibration at 80ῌ. The formation of products during HS-GS/MS analysis can occur increasingly with an increase in the amount of substance with potential for the formation. Therefore, it was concluded that the amount of furan formed during equilibration at 80ῌ increased with increase in the sample weight. The infant formulas are fortified with various nutrient compositions, such as minerals and vitamins. These compounds might influence the formation of furan during analysis.
The furan levels of infant formula and powdered creamer were analyzed using the equilibration condition of 80ῌ for 15, 30 or 60 min. The powdered creamer is not fortified with minerals and vitamins. The furan level increased with increasing incubation time in infant formula, while no such increase was observed in powdered creamer (Fig. 1) . This result indicates that the formation of furan occurred in infant formula during the incubation at 80ῌ.
The changes of furan levels in infant formulas equilibrated at 60, 70 and 80ῌ are shown in Fig. 2 . At 80ῌ, the furan level increased as the equilibration time increased. However, no increase of the furan level was observed in the incubation at 60ῌ, when the equilibration time was increased from 15 to 30 min. The furan level increased slightly at 60ῌ after incubation for 60 min. Therefore, the equilibration condition was set at 60ῌ for 30 min.
We further examined the components in infant formulas that influenced the formation of furan during the equilibration. Furan was formed upon thermal treatment via the oxidation of polyunsaturated fatty acids and the degradation of ascorbic acids 7) . Infant formulas contain polyunsaturated fatty acids, iron and ascorbic acid. As ascorbic acid is known to possess both antiand pro-oxidant e#ects, some authors have suggested that dose-dependent lipid peroxidation occurs in the presence of iron 14) , 15) . They indicated that the prooxidant e#ect of ascorbic acid was related to the ability of ascorbic acid to promote the formation of a Fe(II) : Fe (III) complex required for iron-catalyzed lipid peroxidation. Almaas et al. has also reported that ascorbic acid enhances hydroxyl radical formation and lipid peroxidation in iron-fortified infant formulas 16) . To investigate furan formation during the equilibration, ascorbic acid and/or iron were added to powdered creamer that contains polyunsaturated fatty acids. Most commercial infant formulas contain 0.5 mg/g ascorbic acid and 0.06 mg/g iron. Ascorbic acid and iron were added at these concentrations or two-fold greater concentrations. Formation of furan during equilibration is shown in Table 1 . When only ascorbic acid was added to powdered creamers, furan formation was hardly observed during equilibration at 80ῌ for 30 min. Powdered creamer in the presence of added iron at the concentration of 0.12 mg/g, i.e., twice the amount present in most infant formulas, produced a small amount of furan during the equilibration at 80ῌ. When both ascorbic acid and iron were added to powdered creamers at the two concentrations, the furan levels increased 1.5 and 2.2 times, respectively, compared to those of powdered creamer alone after incubation at 80ῌ for 30 min. No furan formation was observed during the equilibration at 80ῌ in water containing both ascorbic acid and iron (data not shown). These results showed that the formation of furan during the equilibration at 80ῐ for 30 min was likely to have occurred via lipid peroxidation catalyzed by ascorbic acid and iron 14)῍16) . Furan formation was not observed during the equilibration at 60ῐ for 30 min in the powdered creamers to which both ascorbic acid and iron were added at the same concentrations as those present in most infant formulas (0.5 mg/g ascorbic acid and 0.06 mg/g iron, respectively). Even the addition of both ascorbic acid and iron to powdered creamers at twice the concentration present in most infant formulas caused an increase of only 1.3 times in the furan level compared with that of the powdered creamer alone.
More recently, the FDA has published the third version method (October 27, 2006) for the determination of furan in foods῎ 2 . The headspace oven temperature was reduced from 80ῐ to 60ῐ to prevent furan formation during analysis. Method ruggedness testing῎ 3 showed that low-level furan formation can occur in a few relatively high fat foods when test portions are equilibrated at 80ῐ for 30 minutes. In addition, the FDA showed that a longer equilibration time at 60ῐ did not a#ect the amount of furan in peanut butter and infant formula. For potato chips, the amount of furan increased with thermal equilibration times greater than 30 minutes. They suggested that this e#ect might be the result of the high concentration of polyunsaturated fatty acids in potato chips.
Method validation
The analytical method developed by the FDA is a standard addition method. This method is complicated and time-consuming. We developed a method that is more suitable for routine laboratory operations. The levels of furan in baby foods and infant formulas were determined using the internal standard d 4 -furan and an external calibration curve of furan normalized against the internal standard. In headspace analysis, the composition of the sample matrix can a#ect the amount of furan that goes into the headspace. The e#ect of the sample matrix should be reduced in the case of determination with an external standard method. The concentration of the sample matrix was diluted by adding 10 mL of water to 1῍2 g of solid sample. In addition, 4 g of sodium chloride was added to the vial. Adding an inorganic salt to aqueous samples increases the concentration of furan in the headspace by making it less soluble in the sample matrix. Using this procedure, the recoveries of the internal standard d 4 -furan were more than at least 40ῑ in various sample matrixes. The proposed method permitted the determination of furan levels with good precision without using the standard addition method.
The method was validated in terms of linearity, limit of detection (LOD), limit of quantification (LOQ), precision and accuracy.
The linearity of the calibration curve was evaluated from 1 to 1,000 ng in the headspace vials by plotting the peak height ratio of furan/d 4 -furan. The calibration data are shown in Table 2 . Good linearity (R 2 ῏0.9999) was obtained.
The LOD and LOQ were evaluated according to the procedure proposed by International Union of Pure and Applied Chemistry (IUPAC) 17) and the US Environmental Protection Agency (EPA) 18) , based on the constant error model described by Currie 19) . The LOD is defined as the minimum concentration of an analyte that can be reliably detected or di#erentiated from the background for a given matrix by a given analytical method. The LOQ is defined as the minimum concentration of an analyte that can be reliably quantified with a certain degree of reliability within a given matrix by a given analytical method. The LOD is determined from the analysis of at least seven replicate samples containing the target analyte at an estimate of the detection limit. The LOD is calculated as: LOD῏2t (n῎1, 1῎a῏0.95) s where: t (n῎1, 1῎a῏0.95) ῏the Student's t-value appropriate for a 95ῑ confidence level with n῎1 de- analyses. The LOQ was set at 3 times LOD. The LOD and LOQ were determined in three types of sample matrixes. The analyses were performed with cheese dessert, orange juice and milk-based infant milk for baby food (semisolid/solid), baby food (liquid) and infant formula, respectively. Figure 3 shows the SIM chromatogram of orange juice. No interference was encountered in the extracted ion chromatograms of m/z 68 and m/z 39. The LOD and LOQ values are shown in Table 2 . The LOD values were 0.5, 0.2 and 0.4 ng/g and the LOQ values were 2, 0.5 and 1 ng/g for baby food (semi-solid/ solid), baby food (liquid) and infant formula, respectively.
The precision was evaluated by calculating the coe$-cient of variation (CV) based on seven replicates with two di#erent sample matrixes, vegetables and chicken (baby food) (furan; 37 ng/g) and milk-based infant formula (furan; 5 ng/g). The CV was 4.2 and 4.0῎ in baby food and infant formula, respectively ( Table 2 ). The data showed good reproducibility.
The accuracy was evaluated by calculating the recoveries from two di#erent sample matrixes, vegetables and fish (baby food) and milk-based infant formula, in triplicate. The recovery studies were performed by spiking 1-, 2-and 5-fold concentrations of furan detected in each sample matrix. The recovery was calculated as the percent ratio between the detected and spiked concentrations. The recoveries at 25, 50 and 125 ng/g were 91.8, 93.8 and 96.4῎ in baby food, respectively ( Table 2 ). The recoveries at 5, 10 and 25 ng/g were 102, 101 and 101῎ in infant formula, respectively (Table 2) . These results showed the e$ciency of this method in terms of precision and accuracy without using the standard addition method.
Analysis of baby foods and infant formulas
The EFSA reported that analyses on 273 baby foods showed levels of furan ranging from non detectable to 112 ng/g 4) . For a consumption of 234 g/day of commercial baby food, these data indicate a furan exposure of ῌ0.03 to 3.5 mg/kg b.w./day (assuming a body weight of 7.5 kg of a 6 month baby).
The furan levels in baby foods and infant formulas on the Japanese market were analyzed according to this described method. The concentrations of furan are shown in Table 3 .
The level of furan detected was in the range of 1.4 to 90 ng/g in baby foods. The highest level was found in a fish-containing baby food packed in a retort pouch. The levels of furan in dried juice and vegetable soups, not processed in cans, jars or retort pouches, but subjected to other heat processing such as spray-drying, were 25 and 29 ng/g, respectively. The furan formation could occur during the manufacture of these products.
The furan levels of infant formulas ranged from nondetectable to 36 ng/g. The general milk-based infant formulas, including iron-fortified milk-based infant formulas, showed ῌ1 ng/g furan levels. The special infant formulas, i.e. formulas for infants with milk protein allergy, contained relatively higher concentrations of furan levels than the general ones. The protein in the formula for infants with milk protein allergy has been hydrolyzed. During spray-drying and/or the hydrolysis process in the production of this infant formula, furan might be formed. 
